Magnetic skyrmions are topological quasiparticles with great potential for applications in future information storage and processing devices because of their nanoscale size, high stability, and large velocity. Recently, the high-frequency properties of skyrmions have been explored for magnon nanodevices. Here we systematically study the dynamics of an isolated skyrmion under voltage excitation through the voltage-controlled magnetic anisotropy effect in a circular thin film. A theoretical model considering the demagnetization energy for the skyrmion breathing behavior is developed. With our model, the periodic oscillation of the skyrmion radius can be solved numerically with similar precision compared to micromgnetic simulations, and the characteristic frequency ( c f ) of the skyrmion breathing can be determined analytically with greater precision than previous studies. Furthermore, we find that the breathing skyrmion can be analogized as a frequency modulator by investigating its nonlinear modulation functionality under sinusoidal-form voltage excitation. Our findings can provide useful guidance for both theoretical and experimental skyrmions research as well as the development of skyrmion-based magnonic devices.
1
Magnetic skyrmions are topologically nontrivial, particle-like spin textures, which have been experimentally observed in B20-type bulk materials or ultrathin films exhibiting the Dzyaloshinskii-Moriya interaction (DMI) [1] [2] [3] . They have been extensively studied recently for potential applications in future information magnetic storage [4] [5] [6] and processing devices [7] [8] [9] because of their intrinsic properties of nanoscale size, extremely low depinning current density, and high motion velocity [10] [11] [12] . Detailed fundamental research is necessary for the development of devices that can exploit all these beneficial properties of skyrmions. An important component is the understanding of their dynamical excitations to utilize their characteristic properties and to manipulate them more efficiently [13] [14] [15] [16] [17] [18] [19] . Skyrmion breathing modes, in which the core of the swirling spin structure expands and compresses periodically over time, were first studied by micromagnetic simulations (MS) in skyrmion lattices 20 and then investigated experimentally in helimagnetic insulators 21 . However, theoretical study of skyrmion breathing is rare. For example, the properties of magnon modes localized on a ferromagnetic skyrmion were studied in Ref. 22 , but the analytical result for the breathing-mode frequency of an isolated skyrmion was not validated. Ref. 16 derived and identified the precession frequency of a skyrmion but the DMI energy contribution was excluded. These studies neglected or imprecisely treated one of the most important energy contributions, the demagnetization energy (DE), or the stray field energy 16, 22, 23 , as this energy term is difficult to treat analytically because of its nonlocal nature.
Recently, pure electric field or voltage application has been proposed as an energy-efficient method to manipulate magnetism; it is very promising for the development of skyrmion-based devices [24] [25] [26] . Extensive research on the voltage-controlled magnetic anisotropy (VCMA) effect has led to the rapid advances of both the understanding of the underlying physical mechanisms and the realization of skyrmion-hosting systems suitable for applications [27] [28] [29] [30] .
In this work, we study the dynamics of an isolated skyrmion under voltage excitation in a thin film with a large radius by MS and develop a theoretical model for determining the periodic oscillation of the skyrmion radius and the characteristic frequency ( c f ) of the skyrmion breathing mode. We compare the corresponding results in the absence and presence of the DE, which is demonstrated to have importance in determining the dynamic state of a skyrmion. Our analytical result demonstrates greater accuracy and robustness compared to those from previous studies 16, 22 . Moreover, we find that the oscillatory skyrmion embraces the properties of the modulation function, similar to a conventional frequency modulator. Our results could offer evidence and guidance for skyrmion-related theories and experiments as well as for the development of skyrmionic devices.
Results
Modeling. We consider the case of a chiral magnetic skyrmion in the center of a circular ferromagnetic (FM) thin film with a large radius and perpendicular magnetic anisotropy (PMA). The skyrmion can be excited to the radially symmetrical magnon mode, or the so-called breathing mode, via the VCMA effect under an applied time-varying voltage, e.g., a sinc pulse voltage on the electrode gate, as illustrated in Fig. 1(a) . In our configuration, we consider four contributions to the total energy of the system E,
where prime denotes the derivation of the indicated variable with respect to time. ε , γ , and α represent the total energy density, the gyromagnetic constant, and the Gilbert damping parameter, respectively.
In our theoretical model, the breathing mode of a skyrmion is described by 
,
where the functions 1 ( , ) G φ R and 2 ( , ) G φ R are related to the total energy of the system [see Supplementary Note 2] . Equation (3) captures the properties of skyrmion breathing behavior more concisely and clearly than micromagnetic modeling can.
In the following parts, the breathing dynamics of a skyrmion is studied both by MS and by using our theoretical model. (3) with those obtained by separately calculating the DE contributions. Fig. 2 reveals that approximating the DE term by using eff K is sufficiently precise to evaluate the static state of a skyrmion, e.g., its s R , which may be why this method has been extensively adopted in previous studies. In contrast, the approximation is not as suitable in determining the dynamical characteristics of the skyrmion, e.g., c f , using this modification.
Our model is also verified when DE is excluded [see Supplementary Note 3] . Additionally, the skyrmion can stabilize with a relatively lower D value in the presence of DE. This is easily observed by the reality that 2 0 C  , from which we can determine the upper limit of D , i.e., the critical value for D ,
Therefore, we can obtain the restriction of MS results (black), numerical solutions of equation (3) including the precise DE term (blue), numerical solutions of equation (3) f . This phenomenon is very similar to the forced oscillation of a harmonic oscillator: for a periodic force applied to a harmonic oscillator, the solution of the well-known resonance differential equation is a superposition of two sine waves at different frequencies. In addition to the two main peaks in the frequency spectrum, other prominent frequencies can also be discovered, thus revealing the nature of the "resonant skyrmion" as a tunable "modulator." To conclude, we have studied skyrmion dynamics under voltage excitation by using the VCMA effect. The skyrmion breathing behaviors were systematically investigated via both MS and our theoretical model. Our model not only provides very exact numerical solutions for the time-dependent skyrmion radius regardless of the form of excitation, but also yields corresponding analytical solutions, which are more accurate and robust than those from previous studies. In addition, the modulation functionality of a skyrmion has also been investigated, which we believe may provide guidance for the design of skyrmion-based high-frequency magnonic devices. 
